We report that matrilysin, a matrix metalloproteinase, is constitutively expressed in the epithelium of peribronchial glands and conducting airways in normal lung. Matrilysin expression was increased in airway epithelial cells and was induced in alveolar type II cells in cystic fibrosis. Other metalloproteinases (collagenase-1, stromelysin-1, and 92-kD gelatinase) were not produced by normal or injured lung epithelium. These observations suggest that matrilysin functions in injury-mediated responses of the lung. Indeed, matrilysin expression was increased in migrating airway epithelial cells in wounded human and mouse trachea. In human tissue, epithelial migration was reduced by Ͼ 80% by a hydroxamate inhibitor, and in mouse tissue, reepithelialization in trachea from matrilysin-null mice was essentially blocked. In vivo observations and cell culture studies demonstrated that matrilysin was secreted lumenally by lung epithelium, but upon activation or while migrating over wounds, some matrilysin was released basally. The constitutive production of matrilysin in conducting airways, its upregulation after injury, its induction by alveolar epithelium, and its release into both lumenal and matrix compartments suggest that this metalloproteinase serves multiple functions in intact and injured lung, one of which is to facilitate reepithelialization. ( J. Clin. Invest. 1998. 102:1321-1331.)
Introduction
Repair involves an orderly progression of events to reestablish the integrity of the injured tissue. The initial injury sets off a programmed series of interdependent yet separate responses, such as reepithelialization and epithelial proliferation, inflammation, angiogenesis, fibroplasia, matrix accumulation, and eventually resolution. During each stage in this process, proteinases are needed to remove or remodel extracellular matrix components in both the epithelial and interstitial compartments, in part to accommodate cell migration and other ongoing events (1) . For example, we have shown that the activity of epidermal-derived collagenase-1 (MMP-1), a member of the matrix metalloproteinase (MMP) 1 gene family, is required for reepithelialization of cutaneous wounds (2) . Using lung as a model, we assessed if MMP-1 in the skin provides a paradigm of the proteolytic needs of reepithelialization in other tissues. Our findings, summarized here, demonstrate that in lung, matrilysin (MMP-7), which is not expressed in skin wounds, is required for repair of airway epithelial injuries. These observations indicate that distinct MMPs function in the repair of different epithelial tissues.
MMPs comprise a subgroup of the much larger family of zinc-dependent metalloproteinases (3) . This subgroup is called "matrix metalloproteinases" because numerous biochemical studies have demonstrated that all members can degrade matrix proteins, and as a group, MMPs have the combined ability to degrade essentially all connective tissue components (4, 5) . Because of their extensive catalytic potential, MMPs are involved in normal biological processes associated with connective tissue turnover, such as morphogenesis, uterine involution, bone resorption, and wound repair (5-9), but they can be over-produced in response to disease processes associated with inflammation, such as arthritis (10) , atherosclerosis (11, 12) , fibrosis (13) , and chronic ulceration (14) . Overall, the production of MMPs is regulated, temporally limited, and occurs in response to specific signals.
Matrilysin, the smallest known MMP (28 kD), lacks the COOH-terminal hemopexin-like domain contained by all other MMPs (15) , which is thought to restrict substrate specificity (4) . Still, matrilysin has all of the general characteristics of MMPs, such as being secreted in a latent form and being inhibited by TIMPs. Matrilysin has a broad substrate specificity, being able to degrade elastin, proteoglycans, type IV collagen, fibronectin, entactin/nidogen, the core protein of proteoglycans (12, 16, 17) , and other components found in lung matrix. In addition, matrilysin effectively cleaves and inactivates ␣ 1-antitrypsin (18) , thereby providing an indirect mechanism by which this MMP can participate in matrix remodeling.
Matrilysin is produced in a regulated manner by blood monocytes (19, 20) and, at least in atherosclerotic lesions, by tissue macrophages (12) . Unlike most MMPs, however, matrilysin is constitutively expressed by epithelial cells, often ductal epithelium, in most, if not all adult exocrine glands. For example, matrilysin is produced by all skin and salivary glands, by ductal epithelium of pancreas, liver, and breast, and by the glandular epithelium of the intestine and reproductive organs (21) (22) (23) (24) . However, matrilysin is not expressed by all epithelial cells, being absent in mature epidermis (23, 25) . Expression of matrilysin is markedly upregulated in the epithelium bordering ulcerations in the small intestine (26), and this observation, along with the constitutive expression in intact glands, suggests that this MMP serves separate roles in the repair and homeostasis of epithelium. Furthermore, matrilysin is expressed by neoplastic cells in many forms of adenocarcinoma (15) , and deficiency of this MMP delays development of intestinal neoplasms (27) indicating a role in oncogenesis.
We report here that matrilysin is constitutively expressed in adult human lung by ciliated cells of conducting airways and by ductal and serous epithelial cells of peribronchial glands. Earlier studies showed by Northern hybridization that matrilysin is expressed in normal and malignant lung (28, 29) , but the cell source of this mRNA was not determined. Because epidermal-derived MMPs are expressed during active periods of reepithelialization in the skin (7, 30), we assessed if the pattern of matrilysin expression would be altered in inflammatory lung disease and in response to injury. We found that matrilysin expression is elevated in airway epithelium and induced in alveolar type II cells in lungs from patients with cystic fibrosis (CF). These findings suggest that matrilysin is upregulated in response to injury, perhaps to facilitate epithelial cell migration, and indeed, repair of injured tracheal epithelium was impaired in matrilysin-null mice. Our results provide evidence of in vivo production of a specific matrix-degrading proteinase (matrilysin) by airway epithelial cells and suggest that matrilysin is the predominant MMP controlling repair of the lung epithelium.
Methods
Tissues. Formalin-fixed, paraffin-embedded archival specimens were obtained from the Department of Pathology, Washington University School of Medicine. For normal lung, we obtained samples taken from tumor-free margins of tissue removed during lobectomy of patients with cancer ( n ϭ 4) or from recipient lungs of transplant patients with primary pulmonary hypertension ( n ϭ 6). For diseased lung, we examined CF ( n ϭ 12), organizing pneumonia ( n ϭ 4), adenocarcinoma ( n ϭ 4), and sarcoidosis ( n ϭ 2). For organ culture studies, a segment of the proximal end of normal human trachea was obtained from donor lungs ( n ϭ 4) at the time of transplant. Mouse tracheas were isolated from 7-wk-old matrilysin-null N 10 female mice ( Ͼ 99% C57BL/6) and wild-type age-and strain-matched littermates. Matrilysin-deficient mice were generated as described (27) .
In situ hybridization. In vitro transcribed antisense and sense RNA probes for matrilysin, collagenase-1, stromelysin-1, and 92-kD gelatinase were labeled with [ ␣ -35 S]UTP as described (7) . The specificity of these probes for their specific mRNA has been characterized (7, 19, 30, 31) . Sections were hybridized with 35 S-labeled RNA probes (4 ϫ 10 4 cpm/ l hybridization buffer) and were washed under stringent conditions, including treatment with RNase A, as described (32) . After autoradiography for 14-21 d, the photographic emulsion was developed, and the slides were stained with hematoxylin and eosin. In situ hybridization experiments were done at least twice.
Immunohistochemistry. Anti-human matrilysin antiserum was raised in rabbits against a synthetic peptide corresponding to amino acids 93-108, and, as shown previously, this antibody specifically recognizes both the 28-kD zymogen and the 19-kD activated forms of matrilysin (19) . For immunohistochemistry, antimatrilysin antibodies were affinity purified from immune serum. For this, BSA-conjugated synthetic peptide, which was also used for immunization, was coupled to Affi-Gel 100 (Bio-Rad, Richmond, CA), and antimatrilysin antibodies were adsorbed to the column as described (33) . Essentially all immunoreactivity, as assessed by immunoblotting to purified enzyme (19) , was eluted with 0.2 M glycine, pH 2.3. Neutralized fractions were pooled and adjusted to the original volume of serum added to the column. A rabbit polyclonal antibody was generated against a fusion protein containing glutathione-S -transferase coupled to the 40 COOH-terminal amino acids of mouse matrilysin as described (27) . Pan-cytokeratin antibody (AE-1 and AE-3) was obtained from BioGenex (San Ramon, CA).
Deparaffinized 5-m sections were processed for immunohistochemistry using alkaline phosphatase or horseradish peroxidase detection systems as described (7) . Endogenous peroxidase activity was blocked by incubation in 0.3% H 2 O 2 for 30 min at room temperature. Affinity-purified anti-human matrilysin antibody was diluted 1:1,000, and anti-mouse antibody was used at 1:500. Bound antibody was detected using the appropriate Vectastain ABC Elite kit (Vector Laboratories, Inc., Burlingame, CA) following the manufacturer's instructions. Peroxidase activity was detected using 3,3 Ј -diaminobenzidine tetrahydrochloride as chromogenic substrate. Sections were counterstained with Harris hematoxylin. For negative controls, sections were processed with preimmune serum or, for the anti-human antibody, were incubated with affinity-purified antibodies in the presence of excess peptide antigen (5 g/ml) to inhibit specific interactions with matrilysin in the tissue.
Tracheal wound studies. Human tracheal rings were dissected into 1-cm 3 pieces. Mouse tracheas (5 mm in length) were removed and were cut longitudinally to expose the epithelial surface. Using a cell scraper (3010; Corning Costar Corp., Cambridge, MA), we made a uniform 1.5-mm-wide wound across the width of both human and mouse tracheal specimens. In other experiments, no wound was created, but rather we tracked tracheal epithelial migration, or epiboly, along the cut edges of the tissue pieces. Individual pieces of trachea were placed into the wells of 6-well cluster dishes and covered with DME containing 5% FCS and antibiotics. A peptide hydroxamate metalloproteinase inhibitor, SC44463 (34) (Monsanto Corp., St. Louis, MO), was added at a concentration of 25 M to some wounded human tracheal explants. At the indicated time (12 h to 5 d), tissues were fixed in 10% buffered formalin and processed for paraffin embedding. Sections were stained with hematoxylin and eosin or with antibody against cytokeratin or mouse or human matrilysin. On tracheas wounded with the cell scraper, reepithelialization was quantified by measuring the length of the denuded wound area at various times after injury.
Matrilysin secretion. Primary alveolar type II pneumocytes were isolated from adult rat lungs as described in detail (35) . CaLu-3 (human lung adenocarcinoma, HTB-55) and WiDr (human colorectal adenocarcinoma, CCL-218) cell lines were obtained from the American Type Culture Collection (Rockville, MD). To assess vectorial secretion of matrilysin, cells were plated onto transwell inserts of tissue culture-treated polyethylene terephthalate membrane (0.4-m pore) and grown to confluence. The integrity of the monolayer was verified by measuring the resistance across the epithelial layer using an EVOM Epithelial Voltohmmeter (World Precision Instruments, Inc., Sarasota, FL). Experiments were begun when the resistance across the epithelial monolayer was Ն 200 ⍀ , which was typically reached 3-4 d after plating. The resistance across a transwell with no cells was 100 ⍀ . Some type II cultures were treated with 5 ϫ 10 Ϫ 9 M PMA, and 48 h later, medium was collected from both the upper and lower chamber and analyzed by casein zymography (12) . Matrilysin secretion from human cell lines was assessed in 72-h conditioned medium by immunoblotting using enhanced chemiluminescence.
Results
Matrilysin is expressed in intact airway epithelium. In all samples of human lung, whether normal or diseased, staining for matrilysin protein was seen in epithelial cells lining peribronchial glands and conducting airways (Fig. 1) . For normal tissue, we used sections of lung from patients with primary pulmonary hypertension (see Figs. 1, 2 a , 2 b , and 3 e ) and the tumorfree margins of resected cancers. Because pulmonary hypertension is a vascular condition, airways in hypertensive lungs showed no overt pathology and resembled those in normal lungs. In peribronchial glands, immunostaining was seen in ductal epithelial cells and secretory serous cells, whereas clear mucous cells showed no reactivity for matrilysin protein (Fig. 1 a ) .
At all levels of the conducting airway, matrilysin was present in ciliated cells, whereas mucous cells, at least the mucous-containing vesicles, had no signal for matrilysin ( Fig. 1 b ) . Outside of the cells, no immunostaining was seen in the underlying basement membrane but staining was evident in the cilia layers of many cells ( Fig. 1 b , arrows ) . This localization suggests that constitutively produced matrilysin is secreted into the airway lumen (also see Fig. 4 ). No immunoreactivity was seen in sections processed with preimmune serum (Fig. 1 c ) , and specific signal for matrilysin was blocked if sections were incubated with antibody and excess peptide antigen ( Fig. 1 d ) . Although signal for matrilysin mRNA colocalized to epithelial cells that stained for the protein, the in situ hybridization signal in normal lung was weak and seen only in occasional airway cells (Fig. 2, a and b ) . Other than an occasional phagocyte ( Fig. 1 b , arrowheads ) , no signal for matrilysin protein or mRNA was seen in any other cell type in the lung.
Matrilysin is upregulated in CF. We next addressed if matrilysin expression is modulated in response to airway injury. In wounded skin, multiple MMPs, specifically collagenase-1, stromelysin-1, and 92-kD gelatinase, but not matrilysin, are produced by keratinocytes in response to wounding (7, 30, (36) (37) (38) (39) . However, in a survey of numerous and diverse lung conditions, we never detected expression of these MMPs in any pulmonary epithelial cell, either in normal, inflamed, or diseased lung, with the exception of collagenase-1 expression in one area of damaged airway epithelium in one CF sample (data not shown).
Because matrilysin is constitutively produced in airway epithelium, we examined its production in biopsies of lungs from patients with CF, a condition associated with extensive airway injury and obstruction. Compared with the same parameters in normal lung (Fig. 2, a and b ) , expression of matrilysin mRNA and protein was markedly increased in the epithelium of upper airway epithelial cells of CF lungs (Fig. 2, c-f ). Most obvious were the high levels of matrilysin mRNA expression seen in essentially all epithelial cells at sites of overt damage of airway epithelium (Fig. 2, d and f ) . The findings shown in Fig. 2 were typical of all 12 CF specimens examined. Expression of matrilysin in peribronchial glands did not differ noticeably between normal and CF lungs (data not shown).
Matrilysin is induced in alveolar epithelium in CF. The lining of the lung is divided into two functionally distinct epithelial compartments: the conducting epithelium of the upper airways and the respiratory epithelium of the lower bronchioles and alveoli. In all samples of normal lung (pulmonary hypertension and tumor-free margins), no expression of matrilysin was seen in the respiratory epithelium (Fig. 3 e ) , but in all CF lungs examined ( n ϭ 12), prominent signal for matrilysin protein and mRNA was seen in alveolar type II pneumocytes (Fig.  3, a-d ). These cells were identified as epithelial cells by posi- tive staining for cytokeratin in serial sections (data not shown) and as type II cells by their location along alveolar walls and their characteristic oval shape (Fig. 3, b-d ) . In CF lung samples, matrilysin-positive type II pneumocytes were seen in areas with evidence of mild fibrosis and inflammation. No signal was seen on any section processed with preimmune serum or hybridized with a sense RNA (data not shown). In ongoing work, we have also detected expression of matrilysin in alveolar pneumocytes in areas of fibrosis in emphysematous lungs, in fibrotic lungs with diffuse alveolar damage, and in inflamed lungs of patients with idiopathic pneumonia syndrome after bone marrow transplantation (data not shown). However, in other forms of human lung disease studied for this report, which included pulmonary hypertension, organizing pneumonia, and sarcoidosis, no signal for matrilysin protein or mRNA was detected in alveolar epithelial cells (Fig. 3 e ) .
Vectorial secretion of matrilysin. To begin to understand the function of matrilysin in lung epithelium, we determined the vectorial secretion of this MMP. Staining for matrilysin protein was seen in the cilia layer of human (data not shown) and rat airway epithelial cells and accumulated within the apical compartment of these cells (Fig. 4 A ) . Similar to the lack of staining we noted in the bronchial basement membrane (Fig. 1 b ) , these observations suggest that the matrilysin produced in intact tissue is secreted apically. Although matrilysin was not detected in alveolar cells in normal rat (data not shown) or human lung, primary rat type II cells do produce matrilysin in response to being placed in culture (Fig. 4 B ) . In electrically resistant confluent monolayers, low levels of matrilysin were secreted by untreated cells, and all protein detected by casein zymography was in the apical transwell compartment (Fig. 4  B ) . With PMA stimulation, matrilysin expression was mark- edly increased, and nearly equal levels of the proteinase were detected in both the basal and apical compartments (Fig. 4 B) .
As assessed with an ohmmeter, the resistance, and consequently the integrity of the monolayer, was not affected by treatment with PMA. The other caseinolytic bands were not altered by PMA and did not reveal regulated secretion towards either compartment.
To assess further the directional secretion of matrilysin, we analyzed enzyme release in CaLu-3 cells, a human lung adenocarcinoma cell line, and WiDr cells, a human colorectal adenocarcinoma cell line. Both cell lines were used since they constitutively express matrilysin and form electrically resistant monolayers. In both cell lines, the majority of matrilysin was selectively released apically into the upper chamber (Fig. 4 C) . Small amounts of basally secreted matrilysin were detected in medium from the lower compartment. These cell culture data, along with our in vivo observations, suggest that matrilysin functions in lumen of the upper airways in intact lung and that it can be delivered basally in response to injury or cell activation.
Matrilysin is expressed in injured trachea. To assess further the association of matrilysin in injury response of airway epithelium, we determined its expression in an ex vivo woundrepair model using normal adult human trachea. For this study, small, uniformly sized pieces of normal trachea were incubated for 0-5 d in culture medium. During this time, epithelial cells migrated over the edge of the cut surface in an attempt to heal the "wounded" tissue. In fresh trachea, low levels of matrilysin protein were seen in the airway epithelial cells and stronger staining was evident in ductal epithelial cells (Fig. 5, d0) . From days 1-5, airway epithelial cells at the margin of the tissue samples moved off the basement membrane (large arrows) and migrated progressively along the surface of the adjacent interstitial matrix (Fig. 5) . In contrast to all airway epithelial cells in the day 0 sample and to the epithelium remaining on the basement membrane in the later samples, prominent signal for matrilysin protein was seen in all epithelial cells that had migrated away from the wound edge (Fig. 5,  d1, d3, and d5) . In all samples, a stronger signal for matrilysin protein was seen in migrating cells in contact with the underlying interstitial matrix than in cells in the migratory front without obvious contacts to the matrix. In addition, matrilysin was seen being released towards the matrix from some of these strongly positive cells (Fig. 5, d5) . These findings support the idea that matrilysin functions in repair of the airway epithelium. In agreement with our in vivo findings, collagenase-1, stromelysin-1, and 92-kD gelatinase were not detected by immunohistochemistry or in situ hybridization in the epithelium of tracheal explants (data not shown).
Repair of tracheal epithelium requires MMP activity. Further evidence for a functional role of matrilysin in reepithelialization was obtained by using SC44463, a peptide hydroxamate inhibitor of MMP catalytic activity. This compound is a substrate-based inhibitor containing a hydroxamic acid moiety which chelates the active site zinc cation and renders MMPs catalytically inactive. SC44463 has a K i of ‫ف‬ 1 nM for pure MMPs in solution (34) . Previously, we have used this inhibitor in our studies to demonstrate the dependence on collagenase-1 activity for keratinocyte migration over a type I collagen substratum (2) . Uniform wounds were made with a 1.5-mm-wide cell scraper in the center of human tracheal explants, and specimens were kept in cell culture medium. At 24 h after injury, control epithelial wounds were ‫ف‬ 70% closed, whereas wounded tracheas cultured in the presence of SS44463 showed essentially no evidence of reepithelialization over the 24-h experiment (Fig. 6 A) . These data indicate that reepithelialization of airway wounds require the activity of MMPs. Because other MMPs, namely collagenase-1, stromelysin-1, and 92-kD gelatinase, were not expressed by intact or injured tracheal epithelium, these data support a role for matrilysin in epithelial (A) Immunostaining (alkaline phosphatase) for matrilysin was detected in the cilia layer of normal rat airway epithelium, and within the cells, stronger signal for enzyme was seen in the apical side (arrows). No immunoreactivity was observed in sections processed with preimmune serum (bottom). Both samples were photographed using Nomarski optics. Bar, 100 m. (B) Alveolar type II pneumocytes were plated onto transwell inserts, and the formation of a tight epithelial monolayer was assessed by measurement of electrical resistance. At 48 h, conditioned medium was collected from both the upper (A, apical) and lower (B, basal) compartments from control and PMA-treated cells and analyzed by casein zymography. In control cells, the small amount of matrilysin secreted (marked by the open bracket) was all released apically, but in response to PMA, markedly increased levels of matrilysin were secreted and about equal amounts were detected in both the apical and basal compartments. The caseinolytic bands migrating slower than matrilysin do not display regulated secretion or marked change in production to PMA. (C) CaLu-3 and WiDr cells were plated onto transwell inserts, and the formation of a tight epithelial monolayer was assessed by measurement of electrical resistance. At 72 h, conditioned medium was collected from both the upper (A, apical) and lower (B, basal) compartments and analyzed by Western blot. In both cell lines, matrilysin was secreted apically. Small amounts of matrilysin were detected in the basal compartment of both cell lines.
cell migration after injury. However, because SC44463 blocks the catalytic activity of all MMPs, including other metalloenzymes, we needed more specific reagents to verify that matrilysin is needed for reepithelialization.
Tracheal reepithelialization is markedly impaired in matrilysin-null mice. As we saw in human tissue, matrilysin was expressed in airway epithelial cells that had migrated over the cut edges of dissected mouse tracheas (Fig. 7 a) . To specifically implicate matrilysin in airway reepithelialization, we wounded tracheas from wild-type and matrilysin-null mice using a 1.5-mm-wide cell scraper, just as we did with the human specimens. In tracheas from wild-type mice, reepithelialization progressed rapidly and was nearly complete by 24 h after injury (Figs. 7 b and 6 B) . In contrast, wounds in tracheas from matrilysin-null mice showed no evidence of epithelial migration (Fig. 7 c) , and the size of the wound opening did not change significantly over the 24-h course of the experiment (Fig. 6 B) . These same results were seen in tracheas from six 37ЊC for 0, 1, 3, or 5 d (d0, d1, d3 , and d5) before fixation and immunohistochemistry (alkaline phosphatase). In d1, d3, and d5, the large arrows mark the edge of the biopsy and the margin of basement membrane, which is seen as the clear area underlying the epithelium. In fresh tissue (d0), staining for matrilysin was seen in the ductal epithelium (D) and weaker staining for the proteinase was seen in the tracheal epithelial cells. Over days 1-5 after plating, the epithelial cells migrated progressively, and intense staining for matrilysin was seen in these migrating cells, especially those in close contact with the underlying matrix. Release of matrilysin towards the matrix was seen in association with some cells (small arrows). No signal was seen in sections processed with preimmune serum (PI). Bar, 100 m for low magnification views and 20 m for high magnification views.
mice of each line used in two experiments. These data indicate that matrilysin is needed for efficient reepithelialization of injured airway.
Discussion
A significant finding of our studies is that, distinct from other MMPs, matrilysin can be produced in intact lung tissue, specifically in peribronchial glands and conducting airways. In nondiseased and noninflamed tissues, expression of other metalloproteinases is generally limited to normal remodeling processes, such as the production of collagenase during cutaneous wound healing (7) and the expression of gelatinases and stromelysin-1 during peribronchial gland development (6), osteogenesis (9, 40), embryonic implantation (41), and breast lactation cycles (42, 43) . Although the functional significance of constitutive expression of matrilysin in airways is not known, the observation that this enzyme is released apically indicates that it serves some function in the airway lumen. In addition to the transwell experiments (Fig. 4, B and C) , the lack of detectable immunostaining for matrilysin in the basement membrane of intact airway coupled with its presence in the cilia layer (Figs. 1 b and 4 A) provides in vivo evidence that this MMP is preferentially released into the airway lumen in normal lung. We believe that this lack of staining in the basement membrane is significant and reliable because, as demonstrated in other studies, we are able to localize sites of MMP release in tissues, such as the secretion of collagenase-1 from migrating keratinocytes into the underlying dermis (7) and the presence of immunoreactive 92-kD gelatinase in the matrix surrounding neutrophil and eosinophil degranulation (44) . Providing further evidence that it can be secreted apically, matrilysin has been detected in the lumen of glandular structures in intestinal adenomas (27) .
Proteolytic activities have been found in exocrine secretions, including CF sputum (21, (45) (46) (47) , and the function of these enzymes has often been thought to participate in maintaining flow. Thus, in addition to other potential functions, matrilysin may digest glycoproteins and membrane debris, thereby facilitating mucous flow. The broad and potent substrate specificity of matrilysin supports it as a reasonable candidate proteinase for fulfilling this biological function. If matrilysin does degrade proteins in the airway lumen, its activity would likely be limited to specific components. Indeed, in vitro studies have shown that surfactant protein D is resistant to catalysis by matrilysin (48). We examined matrilysin in CF with the idea that enzyme expression may be modulated in response to glandular obstruction, and we found that matrilysin expression was markedly upregulated in airway epithelium of all CF lung biopsies examined (Fig. 2) . However, we cannot determine if matrilysin production in CF airways is stimulated by obstruction directly or by some other event or stimulus, such as injury, inflammation, infection, or soluble factors, although data in this report argue in favor of injury-dependent events.
Our data strongly suggest that one functional role of matrilysin after injury to upper airway epithelium is to facilitate epithelial cell migration. We observed that enzyme production was markedly upregulated in migrating tracheal epithelial cells ex vivo (Fig. 5) , indicating that events directly related to injury, such as altered cell-matrix interactions or loss of cell-cell contacts, may control matrilysin production in wounded airway epithelium. To examine the biological function of matrilysin expression in response to injury, we assessed reepithelialization in wounded human trachea treated with an inhibitor of MMP activity (Fig. 6 ) and in wounded trachea from matrilysin-null mice (Figs. 6 and 7) . The marked inhibition of tracheal reepithelialization in both models, but especially in the matrilysin knockout mice, indicates that the catalytic activity of matrilysin produced by migrating airway epithelial cells is necessary for cell migration after injury. We do not yet know if matrilysin is required for remodeling of a matrix component or for processing of some factor that may provoke cell proliferation or migration or for cleavage of cell surface molecules, such as integrins (49), to allow cell movement.
In addition to expression of matrilysin in upper airway epithelium and peribronchial glands, we report that this MMP was induced and prominently expressed by alveolar type II pneumocytes in lungs of patients with CF (Fig. 3) , an expression pattern that we speculate occurs in response to alveolar Figure 6 . Reepithelialization is blocked by MMP inhibitor and in matrilysin-null mice. Normal human (A) and matrilysin-null and wild-type mice (B) trachea were isolated, wounded in their centers with a 1.5-mmwide cell scraper, and processed for histology as described in Methods. Human explants were placed into culture medium and incubated at 37ЊC in the presence (ϩ) or absence (Ϫ) of 25 M SC44463, an MMP hydroxamate inhibitor, for 18 or 24 h. For both human and mouse tissues, reepithelialization was quantified as the distance between opposing epithelial margins. For human trachea (A), the data are the meanϮSEM of four sections per time point from three separate tracheal pieces. For mice (B), the data (meanϮSEM) were collected from two experiments using three of each mouse line.
injury. Distal lung injury is usually followed by the death of type I pneumocytes, which line the alveolar surface and are responsible for gas exchange. Quantitatively, type II pneumocytes comprise most of the alveolar epithelium, although type I cells occupy a much larger area. Relevant to our observations, type II epithelial cells are the physiologically competent alveolar cells that respond to injury. They produce cytokines, and they are responsible for restoring alveolar morphology by synthesizing and depositing a basement membrane and by proliferating and differentiating into type I cells (50). We have found that MMPs, such as collagenase-1 in the basal epidermis (7, 51) and matrilysin in intestinal epithelium (26), are expressed by epithelial cells in response to injury. Thus, induction of metalloproteinases is a common and seemingly required response of epithelial cells involved in repair processes, and matrilysin is apparently a major, if not the predominant, MMP used by in- jured lung cells. Although stromelysins-1 and -2 and 92-kD gelatinase are expressed by respiratory epithelial cells and in type II cells in culture under a variety of conditions (52-56), we have not detected expression of these enzymes by airway or alveolar epithelial cells in any in vivo or ex vivo tissue sample. Gelatinase A (MMP-2) is also expressed by alveolar type II cells in human lung (13) , and it may also be involved in repair mechanisms.
We do not yet know the signals that mediate induction of matrilysin in injured lung epithelium. In wounded skin, we have found that collagenase-1 is induced in basal keratinocytes as the cells move from the basement membrane onto the dermal matrix and that this response is specifically mediated by contact with native type I collagen via the integrin ␣ 2 ␤ 1 (2, 57). Similarly, changes in cell-matrix interactions could modulate matrilysin expression by tracheal epithelial cells. In addition to the programmed responses of differentiated cells, the constitutive make-up of matrix receptors on an epithelial cell and the composition of the underlying interstitial matrix may dictate the pattern of MMP expression among epithelia. Thus, whereas collagenase-1 facilitates migration of keratinocytes over the collagen-rich matrix of dermis, matrilysin would be a more appropriate proteinase to remodel airway wall matrix components, which include elastin, adhesive glycoproteins, and proteoglycans. The regulated secretion of matrilysin supports the idea that this epithelial MMP acts on matrix proteins during repair. Stimulation of matrilysin expression in response to wounding may be accompanied by regulation of the pathways controlling proenzyme sorting and vectorial secretion, thereby assuring that the proteinase is released at sites of matrix remodeling and cell migration. The presence of immunoreactive matrilysin underneath migrating tracheal epithelial cells (Fig.  5) but not in the basement membrane of intact airways (Fig. 1 ) supports this hypothesis.
Whereas cell-matrix interactions may influence the qualitative pattern of metalloproteinase expression among the epithelial cells of different tissues, the quantitative expression may be governed by other factors, such as cytokines or other proinflammatory mediators. Matrilysin is stimulated in monocytes by lipopolysaccharide (20), which is found in high concentration in CF sputum (58) and, hence, may modulate proteinase expression by resident lung cells. Only a few cytokines have been tested for their ability to influence matrilysin expression (15, 20, 59) . Because numerous proinflammatory mediators are present in CF lungs (58, 60) , it is possible that matrilysin is induced in type II cells or upregulated in airway epithelium in response to one or more of these.
Matrilysin may serve both beneficial and harmful roles in CF. Interestingly, the clinical abnormalities in CF are manifested in airways, sweat glands, intestine, and pancreas (61) , which are among the same tissues in which we detected expression of matrilysin (15, 23, 24) . As discussed, the continual expression of matrilysin in upper airways and glands may provide proteolytic activity needed to facilitate the movement of material up the airways. The induction of this MMP in type II pneumocytes in CF may represent a response to chronic obstruction to provide the lung with more proteinase. Alternatively, matrilysin may be aberrantly turned on in CF and may contribute to alveolar wall damage. More generally, matrilysin expression by type II pneumocytes may accompany severe alveolar injury, and the proteolytic activity of this MMP may be needed to facilitate cell migration and repair. Regardless, matrilysin appears to be the predominant MMP expressed by lung epithelium after injury and may play a key role in tissue repair processes.
